A combined qualitative and quantitative approach has been used to examine the role of virus inclusion bodies (VIBs) in the morphogenesis ofbluetongue virus (BTV).
respectively. Core-and virus-like particles were found within and at the periphery of the VIB matrix, respectively, and their numerical density (number per area of VIB matrix) decreased during the course of infection whereas the numerical density of virus particles in the cytoplasm increased. Virus-like particles had a diameter of 57 + 8 nm and core-like particles appeared to fall into two size ranges, 32+3 nm and 38+__3 nm in diameter. Both pre-and post-embedding immunoelectron microscopy procedures were used to localize BTV structural and non-structural proteins within the VIBs. The VIB matrix was labelled with antibodies to structural proteins VP5 and VP7 and non-structural proteins NS1 and NS2. Cores within VIBs contained proteins VP5, VP7 and NS1 but not VP2. Virus-like particles at the periphery of VIBs contained VP2, VP5, VP7 and NS1. The results suggest that BTV particles are synthesized, assembled and released from the perimeter of VIBs and not from within the matrix. Cores embedded in the VIBs are likely to have been trapped there during expansion of the matrix during replication.
Bluetongue virus (BTV) is a species of the orbivirus genus, one of six genera in the family Reoviridae. The virion consists of an outer layer composed of proteins VP2 and VP5, which in turn surround an icosahedral core containing 10 segments of double-stranded RNA, two major proteins, VP3 and VP7, and three minor proteins, VP1, VP4 and VP6. The surface of the core is composed of VP7 trimers (Huismans et al., 1987; Hewat et al., 1992b) which overlay a subcore or scaffold of VP3 (Loudon & Roy, 1991) . In addition to the seven structural proteins, BTV-infected cells contain non-structural proteins NS 1, NS2, NS3 and NS3A.
Ultrastructural examination of BTV-infected cells has suggested a sequence of events that initiate virus replication and lead to the production of intracellular progeny virions (Bowne & Jochim, 1967; Lecatsas, 1968; Eaton et al., 1990) . The initial events in virus replication include adsorption, endocytosis, uncoating and the formation of virus inclusion bodies (VIBs). This paper presents qualitative and quantitative data on the size and composition of VIBs and the dynamics of VIB formation in infected cells. In addition, a range of immunoelectron microscopical (IEM) techniques has been used to determine the localization and distribution of BTV t Present address: Kennedy Institute of Rheumatology, 6 Bute Gardens, Hammersmith, London W6 7DW, U.K. structural and non-structural proteins both within and at the periphery of VIBs. Collectively, the results provide new immunogold labelling data which confirm that VIBs are the site of BTV assembly from which they are released into the cytoplasm of infected cells.
Monolayers of SVP cells (Eaton et al., 1987) were infected with BTV-1 (Australia) at an m.o.i, of 10 p.f.u. per cell and replication was stopped at 2, 4, 6, 8, 10, 12, 16, 20, 24 and 28 h post-infection (p.i.) . The monolayers were processed as described by Eaton et al. (1987) with the exception that they were removed as ' floating sheets' using n-butyl glycidyl ether (Arnold & Boor, 1986) . All specimens were examined with a Hitachi scanning transmission electron microscope the magnification of which was calibrated using a 2160 lines/mm diffracting grating replica standard. In a systematic low magnification ( x 7500) study of BTV-infected cells, VIBs were detected as early as 10h p.i. and increased significantly (P > 0-001) in numerical density during the course of infection (Fig. 1) . Five percent of the 60 infected cell sections examined contained at least one VIB at 10 h p.i. and this figure rose to 57 % at 20 h p.i. (data not shown). Statistical analyses of data to generate normalized geometric means and 95% confidence intervals involved regression analysis using a generalized linear model for changes in VIB characteristics over time p.i. Where significant differences were obtained, the least significant difference ( Analyses of cell sections photographed at high magnification (× 54000) indicated that a significant increase (P = 0.024) in profile area of VIBs occurred between 12 and 28h p.i. (LSD = 0.310) (Fig. 2) . The main contribution to this effect arose late in infection, at 20 to 28 h p.i. The numerical densities of core-like and virus-like particles associated with the VIB matrix are given in Table 1 . There was a significant decrease (P < 0"001) in the number of core-like structures per VIB between 4 and 28h p. . Specifically, the data show there to be two peaks of core density; these correspond to 4 and 10h p.i. which in turn precede maximum virus densities which were observed at 8 and 12h p.i. The diameter of core-like particles within the VIB matrix ranged from 32 to 38 nm (n = 650). There appeared to be two populations, namely small cores with a diameter of 32_+3 nm (n = 132) and larger cores at 38_+3 nm (n = 518). The cores also appeared to vary in density. The smaller ones were condensed with distinct boundaries, whereas the larger cores appeared to be more diffuse. The virus-like particles at the periphery of VIBs were 57_+ 8 nm in diameter (n = 245) and were composed of a dense core surrounded by an outer shell. Variations between these diameters and those described by Hyatt et al. (1989) and Hewat et al. (1992a, b) are possibly attributable to differences in methodologies. The sizes determined in this study were measured (vertex to vertex) from particles in ultrathin sections as opposed to other studies where the sizes were calculated from either negatively stained viruses or from physically fixed viruses within a film of vitreous ice.
The ultrastructural stages of VIB development are illustrated in Fig. 3 . Core-like particles derived from the virus inoculum can be detected in the cytoplasm of infected cells at 4 to 6 h p.i. (Fig. 3 a) . These particles are associated with a matrix similar in structure to but less dense than that found in mature VIBs. The increases in size and complexity of VIBs that occur during infection are illustrated in Fig. 2 and Fig. 3 (b to d) . Collectively these and the above data suggest that VIBs are the sites of BTV synthesis and assembly i.e. BTV arises from the sequential assembly of subcores to cores to doubleshelled BTV particles within or in association with VIBs.
To investigate further the role of VIBs in the formation of BTV, a range of IEM techniques were performed. These techniques included freeze-fracture pre-embedding IEM (Pinto da Silva et al., 1981) , cytoskeletal preembedding IEM and post-embedding IEM (Hyatt, 1991) . The various IEM procedures were undertaken to investigate the overall distribution of virus-specific proteins in association with VIBs. The methodologies used also ensured the detection of low mass virus antigens which could be missed by a single method approach. Cells at 18 h p.i. were analysed, because these contained all virus-specific structures within viable cells.
Monoclonal antibodies (MAbs) used in this study were directed against structural proteins VP2 (30E3F4), VP7 (20E9B7G2), VP5 (30F12) and VP3 (7A4A11) and the non-structural proteins NS1 (20E6A4 and 30E5H12) and NS2 (31G9C2) . Murine polyclonal monospecific antibodies (MsAbs) raised against recombinant vaccinia virus-expressed VP7, NS3 and VP5 (donated by B. Coupar and M. Andrew of this laboratory) were also used. The results from these studies are described below and summarized in Table 2 . Only one series of electron micrographs showing the results obtained with MAb 31G9C2 are illustrated (Fig. 4) . These electron micrographs illustrate the different ultrastructural profiles obtained with the various IEM procedures and the overall low background generated by these approaches. All incubations were performed on both glutaraldehyde-(0-25%) and paraformaldehyde-(2 %) fixed cells. Similar results were obtained with both fixatives; the electron micrographs and data shown in Table 2 are representative of samples fixed in glutaraldehyde. Control reactions consisted of both uninfected cells and the use of non-related antisera; all such reactions were negative. Incubation of ultrathin sections and whole samples (pre-embedding IEM) confirmed the presence ofVP7, VP3 and NS2 within the matrix of VIBs (Table 2 , Fig. 4 ). Immunogold labelling of virus-specific proteins VP7 and NS2 was, by comparison, more intense than for VP3. The lower level of labelling of the latter may well be a reflection of the MAb used or the ratio of VP3 to VP7 within BTV. IEM detected NS 1 and VP5 within VIBs (Table 2) . VP5 appeared to be uniformly distributed throughout the inclusion bodies whereas NS1 was present within distinct areas. These areas correlated with the presence of virus particles of all described size dimensions. The presence of NS 1, detected by a variety of IEM methods, within VIBs and its reported presence within BTV suggest that this non-structural protein is involved in the early stages of BTV morphogenesis. Results ( Table 2 ) also showed that VP2 is either not present within the inclusion bodies or is present at levels below the detection limits of the post-embedding IEM procedures used in these studies. Freeze-fracture pre-embedding IEM studies confirmed the absence of VP2 within VIBs. However, examination of cytoskeletal pre-embedding IEM preparations revealed that VP2 was present on structurally complete viruses at the edges of VIBs.
Over the course of infection, the number of virus particles in the cytoplasm increased significantly (Table  3) . A major increase occurred between 4 and 12 h p.i., a time during which there was a significant increase then decrease in the number of double-shelled BTV per VIB. These results together with the IEM data for the localization of VP2 suggest that virus particles are assembled at the edges of VIBs and upon the addition of VP2 are released into the surrounding cytoplasm. This interpretation is supported by observations in this study that BTV cores were not observed within the cytoplasm and by the recent report of Hyatt et al. (1992) which indicated that both VP2 and VP5 must be added to BTV cores before they will form a stable association with the cell's cytoskeleton. The inclusion of double-shelled virions within VIBs may therefore result from the failure to add the correct complement of VP5 and VP2 to the maturing virions at the VIB periphery. This would result in their inability to dissociate from VIBs and their subsequent incorporation within the matrix of expanding VIBs. The data presented in this paper confirm that VIBs arise around core particles and contain structural and non-structural proteins together with virus particles at different stages of morphogenesis. The number of virusand core-like particles within VIBs and the cytoplasm at different times p.i. and the virus-specific protein composition of VIBs support the long held assumption that VIBs are the sites for BTV synthesis and assembly. The results also confirm that the outer coat protein VP2 is added to the BTV particles at the periphery of VIBs prior to their rapid transport into the surrounding cytoplasm.
